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ABSTRACT
Current designs of underground nuclear waste repositories have not adaquately
addressed the possibility of an automated, unmanned emplacement and retrieval system
for nuclear waste. The investigation presented herein has shown that a two-
automated-vehicle system can operate in an safe, cost-effective, and reliable manner.
Current mining techniques cannot bore a three foot diameter tunnel as long as a five
foot diameter tunnel. By incorporating this constraint into the design of the tunnel
layout, one finds that a system with five foot diameter storage tunnels actually
removes, on average, 30% less total amount of rock, and is therefore more cost
effective, than a system with three foot diameter tunnels. Intersecting the storage
tunnels at an angle p of about 450 with the main tunnel also saves an additional 15%
of the total amount of rock removed. By developing the tunnel layout and the
mechanical emplacement system together, other significant gains can also be realized.
The design methodology of the automated mechanical emplacement system has shown
that such a system is "simple" from both an operational and machine design point of
view. The system is inherently fail-safe because loss of power results in automatic
decoupling of components. The possibility of human exposure to the hot, radioactive
waste packages is also significantly decreased. Retrievability can be guaranteed for
the 50 year period because of the use of passive mechanical storage components.
An IBM-PC controlled model of the proposed automated system was constructed.
The model successfully demonstrated the concepts and principles of the system.
Thesis Supervisor: Dr. Alexander H. Slocum
Title: Assistant Professor of Civil Engineering
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CHAPTER 1
INTRODUCTION
The objective of this thesis is to identify major design factors and present a
methodology for the development of an automated system for emplacement and
retrieval of nuclear waste. The conceptual design of an automated system presented
herein represents the culmination of work for the Westinghouse Hanford Company.
Background research for the design included an assessment of current remote systems
technology [1]. A study of the mechanical and electrical components that may be
used in the repository environment was documented according to six functions: 1.
Purpose and Application, 2. Physics of Operation, 3. Environmental Effects, 4.
Remote Maintainability, 5. Decontamination, and 6. Reliability. The study was part of
a report presented to the U.S. Department of Energy. Although not presented in this
thesis, the technology assessment provided a firm knowledge base for the development
of an automated system.
Chapter 2 of this thesis provides additional project background. The discussion
briefly describes the Nuclear Waste Policy Act, which created the concept of a
national repository. The terminology for this thesis is also defined, and a short
description of proposed repository designs is presented. Chapter 2 concludes with
proposed design requirements, assumptions, and philosophy for an automated waste
emplacement/retrieval system.
Chapter 3 presents the design of an automated system for emplacement and
retrieval of nuclear waste. Normal and off-normal operations are discussed. The
design is then compared to other proposed designs. Design analysis is provided in
the proceeding chapters.
Chapters 4 and 5 identify major system considerations that are dependent on the
tunnel design and the machine design. The discussion shows how integration of the
tunnel design process with the emplacment system design can result in a reliable,
safe, cost-effective system.
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Chapter 6 provides a summary of the advantages of the proposed system and also
makes recommendations for future work. A short discussion of an IBM PC-
controlled model that was constructed to demonstrate the concept of the automated
system is included at the end of this chapter. Further details of the model can be
found in the appendix of this thesis.
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CHAPTER 2
BACKGROUND
Chapter 2 provides background and discusses the significance of a national
repository for the disposal of nuclear waste. The chapter begins with highlights of
the Nuclear Waste Policy Act of 1983. Current industry design proposals are
discussed, and repository design requirements and assumptions are identified. The
chapter concludes with a summary of the design philosophy adopted for the proposed
automated system.
2.1 The Nuclear Waste Policy Act of 1983
Nuclear waste will soon become a national crisis. Nuclear facilities produce about
1500 metric tons of spent fuel per year and more than 12,000 metric tons of spent
fuel is sitting in temporary cooling ponds today [2]. These cooling ponds are almost
filled to capacity and a permanent method of nuclear waste disposal is urgently
needed.
On January 7, 1983 President Reagan passed Public Law 97-425, otherwise
known as the Nuclear Waste Policy Act. The law establishes a federal policy for
disposal of nuclear waste in deep geologic repository, located 1000-3000 feet
underground. Nuclear waste consists of highly radioactive military wastes from the
production of plutonium and tritium at U.S. Department of Energy (DOE) facilities
and commercial spent fuel rods from nuclear power plants. The original law called
for the construction of two repositories and the emplacement of the first waste
package by January 1998. However, the law has since been revised and the second
repository has been put on "indefinite hold" [3]. The single repository will be in one
of three possible locations:
1 . a salt formation in Deaf Smith County near Amarillo, Texas
2. a volcanic tuff deposit in the Yucca Mountains of southern Nevada
3. a basalt formation at DOE's nuclear weapons complex near Hanford, Wash.
10
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Detailed field studies with a projected cost of $1 billion per site are being conducted
at all three locations. After selecting a location, DOE expects to spend an additional
$19 to 31 billion (in 1986 dollars) to complete the design and construction of the
repository. The entire project is paid through a fund created by a levy of $0.001 per
kilowatt-hour of electricity generated by nuclear power. Thus, the repository
represents one of the largest and most expensive mining projects ever undertaken by
any country or organization.
DOE's Waste Isolation Pilot Plant (WIPP) is a similar, but much smaller, project
to the repository previously described. WIPP is also a repository located 2150 feet
deep in bedded rock salt formation near Carlsbad, New Mexico and will dispose of
less hazardous waste such as contaminated clothes, tools, and equipment [4]. The
waste will be packaged in 55 gallon drums and do not need special handling.
WIPP, however, provides a temporary test bed for demonstrating how high-level
defense waste canisters behave in salt. Because no method of permanent nuclear
waste disposal has been thoroughly analyzed, experiments and data from WIPP will
be an invaluable source of information for the design of the repository.
2.2 Major System Components
Although numerous mining and safety regulations must be observed, very few
system components are required by law in the design of an underground repository.
The following list provides the nomenclature for the proposed automated system and
includes major system components that are common in any repository design:
- Waste Package. The waste package is defined as the final containment form of
the nuclear waste and any attached accessories that may be needed for
emplacement. In general, the waste package includes a canister and some form
of container and/or overpack. The steel canister is the first form of containment
and consolodates the fuel rods for easy handling. The second form of
containment consists of a container and/or overpack and is used to provide
shielding of radiation.
- Storage Tunnels. The storage tunnels are small diameter tunnels and are used as
the final resting locations of the waste packages.
11
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- Main Tunnel. The main tunnel is a large diameter tunnel and is used to access
the storage tunnels.
- Emplacement/Retrieval System. An emplacement/retrieval system is a term used to
describe the associated equipment involved in the disposal of nuclear waste
packages in the underground repository.
- Waste Shaft. The waste shaft is used for lowering the waste package from the
surface to the underground facility.
- Mining Shafts. Because mining and emplacement of the waste packages may
occur simultaineously, separate mining shafts are used to raise and lower
equipment and to lower the chance of interference with the emplacement process.
- Ventilation System. Because human beings will be underground for mining and
inspection, a ventilation system is required to provide an adequate air supply.
The ventilation system will also provide cooling of the underground facility and
maintain the tunnel temperatures at reasonable levels.
- Surface Facilities. Surface facilities provide support, control, and monitoring of
the underground facility Preparation of the waste package for emplacement is
also done in the surface facility.
2.3 Current Industry Repository Designs
Before discussion of the proposed automated system begins, review of proposed
designs by nuclear industry leaders will provide additional background. Emplacement
of the waste packages can basically be done vertically or horizontally. The following
discussion briefly describes one system for vertical emplacement and two other
systems for horizontal emplacement.
Sandia National Laboratories have developed a design for a manned repository for
vertical emplacement of the waste containers in tuff [5]. The process involves
inserting containers into holes located in underground tunnels and then covering the
holes up with mechanical plugs or with backfill material to prevent the release of
radiation (Figure 2-1). The design calls for a Cartesian tunnel layout, with access
drifts (tunnels) intersecting at right angles (Figure 2-2). Huge undergound trucks
12
Chapter 2: Background
RCS WASTE EMPLACEMENT/ Sandia
Fiur 2-1g. VetialEmlaemnt[5
w P13 R ET RIEVA L EQUIPMENT L3aoaoies
LCOVERBA
-00-ANNULUS BACKFILL-eo
-- L IN E R
-PLUG
--- WASTE PACKAGE---
SUPPORT PLATE
MECHANICAL PLUG TUFF BACKFILL
Figure 2- 1: Vertical Emplacement [5]
13
eI , 0 1 0 1 1 1 6 08 li
p
-r
GRAPHIC SCALE
30&00 2d W 6W
WA B BPMAIMMIOPP A1M
C Naed." ucta
W PROJECT
OM0@U~
mT
0a
an,
TUFF MAIN
19H a 25'W
WASTE MAIN
25'9
SERVICE MAIN
15Nx25' W
78' STANDOFF
2:e'14X 16'W-
EMPLACEMENT DRIFTS
14'H x 21'W
PANEL ACCESS DRIFTS
ARRIER PILLAR
//K 763'W
MIDPANEL DRIFT
PERIMETER DRIFT
SANDIA NATiONAL LABORATO
-
m 
;
oftCO..AIMY 1 i1-a8' OcAm r
NUCLEAR WASTE RE.POSITOA IN TU
MSUSMPAC FACJLTY SUPPORT
PANEL LAYOUT
VERTICAL CONFIGURATION
oz rw Jo
V. e a 
.m aR06941
-- -
a
I. S I S I 0 7' * I 4 I * I a I
N@I
C
al
41
*~1
a 1 4 - Ia I -- I.I
6 11 4
Chapter 2: Background
driven by human operators carry the dangerous payload in a heavy shielded cask to
the burial holes (Figures 2-3 and 2-4). To accomodate the size of the trucks, large
cross-sectional-area tunnels are needed throughout the repository. Mining costs are
directly related to the amount of rock removed. Because the amount of rock to be
mined has not been minimized, mining costs and geologic stresses will be higher.
Thus, a vertical emplacement system does not appear to be an attractive option.
Sandia National Laboratories have also developed a design for a manned repository
for horizontal emplacement of the waste containers in tuff [5]. Horizontal
emplacement involves storing the containers end-to-end in long storage tunnels (Figure
2-5). The design similarly calls for a Cartesian tunnel layout, with storage tunnels
(horizontal boreholes) intersecting main tunnels at right angles (Figure 2-6). As with
the vertical emplacement design, undergound trucks driven by human operators carry
the dangerous payload in a shielded cask (Figure 2-7). After being positioned in
front of the desired storage tunnel, the shielded cask containing the waste container
pivots so that it is in line with the storage tunnel (Figure 2-8). The storage tunnel
diameter is approximately three feet, which is slightly larger than the outside diameter
of the container. This significantly decreases the total amount of rock to be excavated
and, therefore, decreases the initial cost to mine the tunnels. In addition, liners are
placed in the storage tunnels. The waste container rests on a dolly and is towed into
the storage tunnel by a chained conveyor mechanism which runs the entire length of
the storage tunnel. However, such a complicated mechanism may not be reliable and
may offset any cost savings from the mining. The integrity of the wheels of the
dolly and conveyor are also questionable for the required retrievability period of 50
years.
Fluor Corporation has also proposed a system for horizontal emplacement [6].
The manned system, as shown in Figure 2-9, requires four different vehicles and
three container transfers. Development of numerous vehicles is not cost-effective, and
numerous container transfers may increase the risk of accidents.
This brief review of some current industry proposals show that they are patterned
after railroad and trucking equipment. However, human operators doing repetitious tasks
with large trucks in such a dangerous environment may not be the most desirable method.
Other design proposals also exist, but none have addressed the issue of automating
repository operations.
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2.4 Design Requirements and Assumptions
Based on the DOE Mission Plan [7] and associated documents [7, 8, 9], the
significant design requirements and assumptions for the proposed design can be stated
as follows:
- Three possible host rocks: basalt, salt, and tuff. Background information on the
origin and nature of the host rocks can be found in Appendix C of the Mission
Plan [7]. Because the site has not been chosen and in the interest of economics
and expediency, the underground emplacement system should be designed to be
non-site specific (e.g. choose the most conservative design).
- Capacity of the repository: 70,000 Metric Tons of Uranium (MTU).
- Period of guaranteed retrievability: 50 years from the date of emplacement of the
first waste package. Retrievability is desired because a new technology or
alternative method for waste disposal may be. developed in the near future. In
addition, the nuclear waste is valuable for defense-related activities.
- Three types of nuclear waste are to be buried: Defense High Level Waste
(DHLW), Commercial High Level Waste (CHLW), and Commercial Spent Fuel
(CSF) which consists of either 12 Pressurized Water Reactor (PWR) assemblies or
30 -Boiling Water Reactor (BWR) assemblies. Commercial spent fuel is the most
dominant waste form, and data concerning this form of nuclear waste can be
found in the Oak Ridge National Laboratory report [11].
- The waste package design has not yet been determined. Presently, each repository
has a unique canister design. In fact, each type of nuclear waste may have its
own canister design, resulting in 9 different developing waste package designs (3
host rocks x 3 designs for different waste/host rock). In the interest of hastening
the design process in order to meet the 1998 deadline, it is recommended that one
canister design (the most conservative) be chosen for use by all three possible
repositories. This will allow the designers of the processing facility and designers
of the emplacement vehicles to proceed toward a final design.
23
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- Because all the site specific waste packages must satisfy similar radiation and heat
specifications, published data for the salt design [12] is assumed to provide
numerical values which are on the same order as the other waste packages. A
summary of waste package designs for salt can be found in Table 2-1. It should
be noted, however, that the salt waste package consolidates more waste and
therefore, has higher initial heat loads and radiation levels. Thus, the following
assumptions are made regarding the waste form and method of containment:
1. First barrier: 3/8 inch wall, 24 in. OD, 12 foot long stainless steel canister.
2. Second barrier: 3 in. wall, 30 in. OD, 15 foot long mild steel or copper
overpack.
3. Weight of each canister (canister, overpack, and waste form): 10,000 to
20,000 pounds, depending on the amount of consolidation.
4. Total number of canisters: No one really knows because of the uncertainty
in the amount of consolidation. Therefore, proceed with a design for a
normalized value of 10,000 total waste packages to be emplaced.
5. Heat and radiation: The most severe case for commercial high level waste
in the salt environment will be assumed. The surface radiation of the
overpack is expected to be 1.6 x 106 mrem/hour, which is not high
enough to cause significant structural damage to properly chosen metals.
However, maximum permissible body dosages per year is 5 - 30 rem,
depending on the body location of the measurement. The heat load per
waste package is expected to range from 0.4 - 9.5 kW.
- The waste packages are assumed to be presented from the surface to the automated
underground facility using technology that currently exists in the mining and
shipping industries for the hoisting of large heavy items. Because of the risk of
dropping a canister should a cable fail, the canister should be lowered in a
container similar to that developed for the interstate shipping of the waste.
Removing the canister from the lowering container could be done using a method
similar to that developed for the interstate shipping container [13]. If the
repository is placed in tuff, access would be from a horizontal shaft into the
mountain.
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Table 2-1: Summary of Waste Package Designs for Salt [11]
DESIGN FEATURE DHLW CHLW 12 PWR 30 BWR
WASTE FORM
Canister Diameter, cm 61 56 62 62
Canister Length, cm 300 409 400 435
Weight, net, kg 1,470 2,560 7,920 8,310
Weight, net, kgU N/A (a) 5,532 5,670
Weight, gross, kg 1,940 3,425 8,390 8,810
Initial Heat Load, W 423 9,500 6,600 5,700
WASTE PACKAGE OVERPACK
Outside Diameter, cm 80.8 76.3 84.5 84.5
Overall Length, cm (b) 338.5 446.8 446.5 481.5
Cylinder Wall Thickness, cm 8.6 8.9 10.0 10.0
Heads Thickness, cm 16.7 16.4 18.3 18.3
Gross Weight, tonnes 8.0 10.7 17.6 18.7 -
PACKAGE-RELATED COST (c)
Cost of Components, $ 15,810 19,600 23,300 24,870
Cost per Unit of Waste $1 1/kg $2.00/kgU $4.22/kgU $4.39/kgU
PERFORMANCE PARAMETER
RADIATION LEVELS, mrem/hr
Surface of Overpack 3.3 x 105 1.6 x 106 1.9 x 105
Surface of Tunnel 1.9 1.6 1.8
LOCAL AREAL LOAD, W/m2  20 15 14.83
PEAK TEMPERATURES, *C
Waste Form 110 480 348
Overpack 98 230 175
Salt 98 230 175
(a) Waste form results from reprocessing this quantity of spent fuel.
(b) Exclusive of the pintel.
(c) Includes fabrication and shipping; excludes waste form and repository costs.
25
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- Areal heat load calculations (Section 4.1) show that only about 10 canisters per
acre can be emplaced. Emplacing the 15 foot long canisters end to end
horizontally will require minimum amount of rock removal and therefore, minimum
construction and operational machinery size. Thus, the automated system will be
designed to emplace the canisters horizontally.
While every attempt has been made to choose representative values for repository
parameters, the accuracy of the numerical assumptions made about repository
parameters is not a major concern. Rather, an attempt has been made to identify
generic issues that can be easily scaled to whatever parameter values exist.
2.5 Design Philosophy of an Automated System for Emplacement and Retrieval of
Nuclear Waste
Because of the risks and costs of having humans work in an underground
environment while handling nuclear waste, automating emplacement and retrieval
operations would be more desirable than manned operation for the following reasons:
1. Safety. The cost of human life cannot be easily assessed. In today's litigious
society, a person who develops cancer after working in the hazardous waste site
will probably initiate a lawsuit. The public is less educated and is more biased
against the nuclear industry. Recent events such as Chernobyl and Three Mile
Island have only reinforced the public's fear of nuclear technology.
2. Cost. An automated system does not necessarily have to cost more than a
manned one. In this application, custom machinery will have to be designed for
both manual and unmanned systems. If the machine does not have to carry the
life support systems for human operators (heat and radiation shielding) from the
waste packages, the machine size and weight decreases. Tunnel excavation
volume can then be reduced and significant cost savings can be realized.
3. Reliability. A properly designed automated system can be more reliable and
efficient than a manually operated one. A properly designed system implies
automatic shutdown features in case of malfunction.
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Current designs for the underground repository, such as those of Sandia National
Laboratories and Fluor Corporation, are all based on manned operation and have not
addressed the issue of automating operations. The nuclear waste repository represents
an excellent application of automated machinery, and the design philosophy adopted in
this thesis can be stated as follows:
1. Design of the machine and the tunnel layout must be done concurrently. Many
of the factors, such as the size of the tunnel cross-sections, have a significant
impact on the design of the transporter vehicle.
2. Design must be failsafe. Plans for repair and retrieval must be provided for all
systems for all possible failure modes. Remote maintainability must be allowed.
3. Minimize the handling of the waste container. The repository's objective is to
place the containers in a retrievable storage location. The container should change
hands as few times as possible.
4. Keep things simple. Most complex tasks can be broken down into a series of
simple tasks. Dedicated machines simplify design and increase reliability.
5. Use proven technology. System reliability is greatly increased with the use of
proven technology. In addition, research and development costs are significantly
lowered.
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DESIGN OF AN AUTOMATED SYSTEM FOR
EMPLACEMENT AND RETRIEVAL OF
NUCLEAR WASTE
A simple reliable system for emplacement and retrieval can be realized if repository
operations are designed as reversible processes and each individual process is
decoupled from the others. The following scenario for automated underground
emplacement of the containers of nuclear waste meets this criteria.
1. After being lowered from the surface facility, the unshielded waste container is
placed in a horizontal position on an automated emplacement/retrieval vehicle
(ERV; Figure 3-1).
2. The ERV positions itself with the waste package on an automated transporter
vehicle in the main tunnel (Figure 3-2). Storage tunnels branch off from the
main tunnels at an angle $, as shown in Figure 3-3.
3. The transporter vehicle with the ERV and the waste package travels along a
straight main tunnel until ERV is aligned with the desired storage tunnel. The
ERV actually carries the waste package and only travels in the storage tunnel.
This eliminates the need for steering mechanisms and to the degree of first order,
uncouples the tunnel design from the machine design.
4. If desired, another vehicle could be used to backfill the storage tunnel.
5. To retrieve a container, the backfill material is removed, and the ERV and the
transporter is used to reverse the emplacement process.
The general strategy is to design a fail-safe automated system that eliminates contact
between the waste package and the vehicle during machine failure. The disabled
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Housing for Motor, Pump, Communication
Equipment, Radiation and Heat-Sensitive
Components
Hydraulic Press
Angled Wheels for Movement in
Trough of Storage Tunnels
Waste Package
Cradles
Figure 3-1: Emplacement/Retrieval Vehicle
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Figure 3-2: Transporter Vehicle
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vehicle can then be withdrawn (e.g.- pushed or towed) to a safe location, repaired,
and sent back to resume normal operation.
3.1 Cradle Concept with Two Vehicles
The cradle concept uses a pair of two-legged cradles to provide support for the
waste package as shown in Figures 3-4 and 3-5. The cradles support the waste
package in a manner that allows it to be completely surrounded by backfill. This
ensures uniform heat transfer to the surrounding host rock and minimizes the chance
of ground water contact with the waste package. These cradles can be spaced along
the floors of the tunnels, welded to the canister, or carried as separate pieces along
with the canister. A steel liner is placed in the storage tunnel. Cradles fixed to the
interior of the storage tunnel liner may present difficulty with the operation of the
emplacement/retrieval vehicle and are not reccommended. Cradles fixed to the
container via welding or strapping permit simpler handling of the container. Portable
cradles may create handling problems because of the greater number of items to be
accounted for during emplacement. Carrying cradles that are welded or strapped to
the waste canister, thus, seems the best'choice (Figure 3-5a).
As stated in Section 2.4, it is assumed that the canisters will be presented to the
automated underground facility using technology that currently exists in the mining and
shipping industries for the hoisting of large heavy items. Because of the risk of
dropping a canister should a cable fail, the canister should be lowered in a container
similar to that designed for the interstate shipping of the waste. Removing the
canister from the lowering container could be done using a method similar to that
demonstrated for the interstate shipping container [13]. If the repository is placed in
tuff, access would be from a horizontal shaft into the mountain.
The proposed automated system requires two vehicles, each dedicated to one-degree
of freedom linear motion (Figure 3-6). The first vehicle, called ERV for
Emplacement/Retrieval Vehicle, travels only in the storage tunnels and actually carries
the waste package. The second vehicle, called the Transporter, travels only in the
main tunnel and carries the ERV with the waste package to the desired storage tunnel.
Since the tunnel configuration only involves straight tunnels and if the storage tunnels
are arranged in a parallel manner, the direction of motion of the ERV can be set with
the direction of the storage tunnels. Passive steering can be used and control of the
vehicles would mainly involve determining the distance that the vehicles have travelled.
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Elimination of numerous components required for active steering would greatly increase
reliability.
The possibility of a single vehicle travelling in both the main and storage tunnel
was studied. In order to move from one tunnel to the other, the vehicle would
require an active steering mechanism. Development of a steering mechanism for this
repository application is very complicated because of the awkward transition from the
large diameter main tunnel to the small diameter storage tunnels. The possibility of
steering failures would be greatest during this transition and the vehicle would become
seriously jammed between the two tunnels. In addition, a changing axle configuration
may be needed. Thus, the single vehicle method is not recommended in the
repository design.
Emplacement of a waste package involves the coordinated operation of ERV and
the transporter. The waste package with attached cradles is presented horizontally at
the load/unload area of the subsurface facility to ERV. A possible configuration is
shown in Figure 3-7. ERV positions itself below the waste package and raises its
hydraulic press. The waste package is lifted off the ground and its weight is
completely supported by ERV. ERV reverses direction, proceeds to the main tunnel,
and stops when it is positioned above the transporter. The path to the load/unload
area must be similar to the floor of the storage tunnels because ERV is designed to
travel only in circular cross-sections. The transporter then raises its hydraulic press
which lifts ERV off the embankment in the main tunnel. The weight of ERV and
the waste package is completely supported by the transporter (Figure 3-8). ERV sits
in the trough of the transporter which is identical to the shape of the floor of the
storage tunnel.
After travelling in the main tunnel to the desired storage tunnel, the transporter
lowers its hydraulic press and ERV is completely supported by the embankment
(Figure 3-9). ERV travels through the storage tunnel (Figure 3-10) and lowers the
waste package at the desired location (Figure 3-11). The cradle makes contact with
the sides of the circular tunnel and the waste package is supported on the cradles.
ERV reverses direction to return to the transporter which will carry it back to pick up
another waste package for emplacement. Another vehicle may then be used to backfill
the storage tunnel.
The cradle concept is inherently safe. In the event of vehicle failure, the
hydraulic presses would sag and completely eliminate contact between the components.
If ERV malfunctions while carrying a waste package, the weight of the container
would be supported by the cradles. ERV without a waste package could then be
36
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retrieved by a drone, repaired in a safe location and returned to complete the
emplacement task. If the transporter malfunctions while carrying ERV in the main
tunnel, the weight of ERV would be supported by the embankment. If the failure
occurs between storage tunnels, retrieval by a drone for repair may occur because the
top of the transporter will pass below the bottom of ERV.
Should a transporter malfunction occur at the entrance to a storage tunnel, two
possible options exist. First, assuming the hydraulic press of the transporter has two
positions and ERV is still functional, ERV can drive into a storage tunnel to eliminate
any obstruction. The second option would require the hydraulic press of the
transporter to have three positions:
1. Top position to raise ERV
2. Middle position to allow ERV to drive into a storage tunnel
3. Lower position to allow the transporter top to pass below the bottom of ERV
when it is supported at the entrances to the storage tunnel (Figure 3-12).
The low position would be assumed in the event of failure. The second option
would require more complicated hydraulic circuitry, but the assumption that ERV is
operational when the transporter is disabled would not be required. In either case,
the disabled transporter can be retrieved by a drone or cable, repaired in a safe
location, and placed back in service.
3.2 Alternative System - Tripod Concept
An alternative method for horizontal emplacement of nuclear waste packages is the
tripod concept. As shown in Figure 3-13, the tripod concept utilizes a single cradle
to support one end of the waste package. The other end rests on the tunnel liner.
Emplacement and retrieval would involve similar operations as used in the cradle
concept. Such a system would also be inherently fail-safe and have similar off-
normal procedures during machine failures. The advantage of the tripod concept is
that it requires fewer cradles. The disadvantage is that the vehicle design may be
more complex and one end of the container is in contact with the liner. Figures 3-
14 and 3-15 show alternative vehicle concepts that could be used to transport the
waste package.
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Figure 3-14: Alternative Vehicle Concepts - "Bulldozer"
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TUNNEL DESIGN CONSIDERATIONS
Chapter 4 discusses important tunnel design considerations in the development of
the proposed automated system. The system has two types of tunnels: larger
diameter main tunnels and smaller diameter storage tunnels. The cross-sectional shape
of the main tunnel may be circular, rectangular, or somewhere in between. Much
depends on the method used to mine the main tunnel. The cross-sectional shape of
the storage tunnel is proposed to be circular. The following discussion attempts to
identify major tunnel design factors and provide a methodology for the design of the
tunnel layout.
4.1 Areal Heat Loading
The disposal of hot, radioactive waste packages in the repository will introduce
large sources of thermal energy into the host rock. The placement of waste packages
has an impact on both the tunnel layout and the geologic, hydrologic, and
geochemical environment that control the containment and release of radionuclides.
The most significant parameter in establishing and controlling the maximum average
underground temperature and the corresponding changes in geologic, hydrologic, and
geochemical conditions is the areal heat loading, which in turn affects the underground
waste distribution, tunnel layout, ventilation system, and machine design. To maintain
underground temperatures below 200'C, the maximum areal heat loading for salt is 60
kW/acre and for tuff is 57 kW/acre [13, 14]. Basalt does not use areal heat loads
directly for design. However, a typical value for basalt is 50 kW/acre and is used
for comparison among the three repositories [14].
The areal heat loading is defined as the heat output per unit surface area of host
rock. For the tunnel layout proposed in Figure 4-1, factors important in the
calculation of the areal heat loading include:
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Storage Tunnels
Ls a
a~LS
c
c
Figure 4-1: Areal Heat Loading
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Ls= length of storage tunnel measured from end of main tunnel
f = angle between main tunnel and storage tunnels
a = perpendicular distance between storage tunnels
Lp= length of storage tunnel occupied by plug
c = length of storage tunnel occupied by waste package
Nw= number of waste packages per storage tunnel
q = average heat output per waste package
The surface area between storage tunnels is:
As = a(Ls - Lp) (1)
The total heat output in As equals the sum of the heat outputs from the waste
packages:
QtOt = Nw q = (Ls - )q (2)
c
It then follows that the areal heat loading is:
= tot (3)AHL =-
60 KW/acre (Salt)
= < 57 KW/acre (Tuff) (4)
ca
50 KW/acre (Basalt)
Equation (4) assumes identical storage tunnel lengths that are equally spaced in an
orderly manner. The areal heat load is only dependent on the average heat output per
waste package (q), the spacing of the containers (c), and the perpendicular distance
between the storage tunnels (a).
In order to make comparative estimates of each site, conservative assumptions can
be made. The heat output of a container is expected to be in the range of 3 to 6
kW [7]. Thus, assume the average canister heat output is 5.0 kW (q). Also assume
that the 15 foot long canisters are emplaced end to end so that about 15 containers can
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be stored in 300 linear feet of storage tunnel (c = 20 feet). This allows roughly 5
feet of space between each container. The minimum perpendicular distance between
storage tunnels is then:
asalt = 181 ft.
atuff = 191 ft.
abasalt = 218 ft.
Thus, areal heat loading determines the perpendicular spacing between storage tunnels.
4.2 Tunnel Shapes and Cross-Sections
The system has two types of tunnels: larger diameter main tunnels and smaller
diameter storage tunnels. The cross-sectional shape of the main tunnel may be
circular, rectangular, or somewhere in between. Much depends on the method used
to mine the main tunnel. Use of tunnel boring machines (TBM) would usually result
in a circular cross-section. Concrete liners could then be placed inside the main
tunnel to provide a flat floor for the transporter vehicle. In addition, the space
between the floor and the host rock could be used as a ventilation shaft.
The cross-sectional shape of the storage tunnel is proposed to be circular.
Because a TBM is the most commonly used microtunnelling technique, round storage
tunnels are easier to construct, and alignment of the tunnels involves simple control of
the TBM during mining. A round cross-section is also more stabe because the
pressure from the nost rock is uniform and stress concentrations are minimized.
More importantly, however, a vehicle such as ERV can be designed to travel in the
storage tunnel without special guidance systems or tracks.
4.3 Mining Capabilities
From a tunnel design viewpoint, mining capabilities will determine the lengths and
diameters of the tunnels and the angle $ between then. The construction of small
diameter storage tunnels is not a common mining practice. Tunnel boring machines
are the most often used. However, current mining technology imposes limitations on
how long these small-diameter storage tunnels can be bored. A prototype boring
machine is currently being developed to drill three foot diameter tunnels up to 500
feet long [5]; however, 250 feet is considered a more reasonable goal with existing
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technology [14]. It is anticipated that a five foot diameter tunnel can be made about
700 feet long [14]. For a given number of waste packages to be emplaced, a longer
storage tunnel would require less number of storage tunnels and, thus, a shorter
large-diameter main tunnel. Hence, a smaller diameter tunnel system may not be the
best design.
In order to minimize the cost of the repository, several questions need to be
quantified and answered:
1. What is the relationship between the physical dimensions of the boring
machine (including workspace) and the diameter of the tunnel it is boring?
It seems obvious that large diameter tunnels require large machines and other
associated equipment such as conveyor belts for slurry, water pumps,
generators, etc. Is the same machinery used for small diameter tunnels or
can the required workspace be reduced?
2. What is the relation between the maximum length of a tunnel and its
diameter? Of course, other significant geologic and hydrologic factors, such
as type of rock, rock hardness and grain size, and water content, influence
the relation. But in the context of a repository design, what are the costs of
developing new machinery, and how does it compare to merely using
existing machinery to dig a greater volume of rock?
3. What coupling exists between questions 1 and 2? These questions are
presently unanswered. Specific assumptions have been made in order to
present the following design methodology.
Most tunnel boring machines are very long compared to their width. Assuming
the proposed automated machinery for repository operations can function in the smaller
workspace, minimizing the main tunnel diameter can be achieved by orienting the
tunnel boring machine at an angle $ as shown in Figure 4-2. Let WB and LB
represent the width and length of the boring machine workspace. In the overhead
view of Figure 4-2, the minimum width of the main tunnel at a height h is:
Wm Wm (h) (5)
= [LB + WB tan(900 - $)] sin$ (6)
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Assuming a circular cross-section for the main tunnel:
2b2=h2+(W j(7)
tan = (8)
g = sin (9)
g2+ (b)2= (d)2 (10)
From these equations we can, therefore, conclude that the main tunnel diameter is a
function of width, length and height of the workspace and the angle between the
main and storage tunnels:
dl = f (WB, LB, h, $, safety factor).
It should be noted that the main tunnel geometry can be easily changed and that a
flat surface may be needed for the boring machine.
The first order analysis has basically shown that for a smaller angle $, more room
exists for a larger boring machine. A larger boring machine can bore a larger
diameter storage tunnel, which can be a longer storage tunnel. For a given number
of waste packages, a longer storage tunnel would require less number of storage
tunnels and thus a shorter large-diameter main tunnel.
4.4 Volume of Rock Removed
Since the volume of rock to be mined is directly related to the construction costs
of the repository, minimizing the tunnel volume is a reasonable primary objective. In
addition, minimizing tunnel volume decreases any consequential effects to the host
rock, especially geologic stresses which may result in future instability of the
repository.
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As shown in Figure 4-3, the total volume of rock removed is approximately:
and, Lnd' dI cos$ d cos$
VR = N, + + os + d11R - sin+ 4 2 sin3  2 sin)51 'approx-
where Ns = total number of storage tunnels
a = perpendicular distance between storage tunnels
d= diameter of main tunnel
d2= diameter of storage tunnels
Ls= length of storage tunnels
$ = angle between the main and storage tunnel.
As mentioned in Sections 4.1 and 4.3, these variables are not single-valued and are
dependent on many other factors. The acreage required for the repository is
approximately:
AR = Ns Ls a (12)
Equations (11) and (12) do not account for regions required for ventilation and access
shafts. Nor do they consider requirements that may be imposed by regional mining
regulations.
Assume the size of the repository is normalized to accommodate 10,000 waste
packages. Assume again that a 3 foot diameter tunnel can be bored 300 feet and a 5
foot diameter tunnel can be bored 600 feet. The diameter of the main tunnel is
chosen to give clearance for a 20 foot by 4 foot vehicle to line up with a storage
tunnel; i.e., dl = 14 ft. for $ = 300, 16 ft. for 450, 18 ft. for 600, 20 ft. for 750,
and 22 ft. for 900. Table 4-1 provides tabulated results for the total amount of rock
removed for different angles $ and different storage tunnel diameters. For all
reasonable angles and for each host rock, the results show:
1. Minimization of total rock excavated is significantly dependent on boring
machine capability. Based on current mining technology, the volume of rock
excavated for the repository design with three-foot diameter tunnels is actually,
on average, 50% greater than the design with larger five-foot diameter
tunnels. This translates to an inital mining cost savings ranging from $9
million to $86 million, depending on the host rock.
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Figure 4-3: Volume of Rock
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Total Volume of Host Rock Excavated (106
(Dollar Amounts Expressed in Millions)
cubic feet)
Angle 0 Storage Salt Tuff Basalt
(deg) Tunnel Dia.
30 3 ft. 20.1 21.1 23.9
(dj=14 ft) 5 ft. 13.4 13.9 15.3
Diff ($ Saved) 6.7 ($9.7) 7.2 ($17.4) 8.6 ($66.1)
45 3 ft. 18.6 19.6 22.1
(d1=16 ft) 5 ft. 12.6 13.1 14.3
Diff ($ Saved) 6.0 ($8.6) 6.5 ($15.7) 7.8 ($59.9)
60 3 ft. 19.2 20.2 22.8
(dj = 18 ft) 5 ft. 12.8 13.3 14.7
Diff ($ Saved) 6.4 ($9.2) 6.9 ($16.7) 8.1 ($62.2)
75 3 ft. 21.1 22.2 25.1
(dj=20 ft) 5 ft. 13.8 14.3 15.8
Diff ($ Saved) 7.3 ($10.5) 7.9 ($19.1) 9.3 ($71.4)
90 3 ft. 24.4 25.7 29.1
(dj=22 ft) 5 ft. 15.4 16.1 17.8
Diff ($ Saved) 9.0 ($13.0) 9.6 ($23.2) 11.3 ($86.8)
Calculations Based On:
-- Average Heat Output of 5.0 Watts / Canister
-- 15 Waste Packages for every 300 ft. ( c = 20 ft.)
-- L = 300 ft. for 3 ft. Diameter Storage Tunnel
= 600 ft. for 5 ft. Diameter Storage Tunnel
-- a = 181 ft.
191 ft.
218 ft.
in Salt
in Tuff
in Basalt
(60 kW/acre)
(57 kW/ acre)
(50 kW/acre)
- Average Bulk Density of Host Rock [7] and Approximate Cost to Mine [14]:
Salt........ 2.5 g/cm 3 at $21/ton
Tuff....... 2.2 g/cm 3 at $31/ton
Basalt..... 2.8 g/cm 3 at $88/ton
56
Table 4-1:
Chapter 4:
Chapter 4: Tunnel Design Considerations
2. The volume of rock excavated varies with the angle $ and reaches a minimum
between 450 and 600 (Figures 4-4, 4-5, and 4-6). Thus, an additional 15%
cost savings can be realized from a traditional cartesian tunnel layout.
Average bulk densities values of the host rocks were taken from the Mission
Plan [7], and the total system life cycle costs for a geologic repository
indicate average costs per ton to mine the host rocks to be $21 for salt, $31
for tuff, and $88 for basalt [14].
In addition, qualitative factors indicate that a repository design with larger five-foot-
diameter storage tunnels is more cost-effective. First, a human being would have to
crawl on his hands and knees in order to travel down a three foot diameter tunnel,
and inspection of the tunnel construction, such as welds to seal the stainless steel
tunnel liners, would be difficult. Second, ventilation for a human inspector in a three
foot diameter tunnel may not be adequate. Third, mining equipment for a five foot
diameter tunnel presently exists, and development costs for a smaller diameter boring
machine could be saved. Fourth, from a machine designer's point of view, it is
much easier to design repository machinery to operate in larger diameter tunnels.
Thus, development of a repository with larger diameter storage tunnels is
recommended.
4.5 Mining and Health Regulations
Safety design factors may necessitate larger tunnel sizes and possibly a greater
number of tunnels than required for the automated system. Modular design of the
tunnel layout with appropriate radiation shielding bulkheads is, therefore, a
requirement. Boring rates for current microtunnelling techniques are approximately 40-
50 feet per machine per day [16]. With over 37 miles storage tunnel to be
constructed, mining and emplacement must take place concurrently. To eliminate any
possibility of direct exposure of unshielded waste packages to mining personnel, a
modular tunnel layout shown in Figure 4-7 can be implemented. Mining can be done
in one branch; emplacement can occur in another branch, and the two can be totally
isolated from each other.
Ventilation of the repository environment will require fans and possible blowers to
maintain reasonable temperatures and dissipate toxic gases. Because of human
presence, the main tunnel should have an expected temperature of about 30 0 C (86 0 F).
The storage tunnels, which will rarely have human presence, have an expected
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58
V 26
0
1 24
e 22
M 20
Is
16 -
mom
--
U,'.
w...w&
U- - - - -- 
-
- - -
-
U
b
i
t)
Jul
14
12
Chapter 4:
Tunnel Design Considerations
Tuff, Rock Removed
Mo
wUr
70
Angle (degrees)
Figure 4-5: Tuff Rock Removed
59
ii 26
u24
e22
18 -
16 -
142!
12
-ma
ma-
aa.
-TOO
30
m3 ft dia Storage TUnnels ,z 5 ft dia Storage Tunnels
Chapter 4:
Tunnel Design Considerations
3 Basalt Rock Removed
1 28 -U
M 2 6 m'i
2 .-
22
c
h
f 16
14
30 40 50 60 70 80 90 100
Angle (degrees)
c3 ft dia Stopage Tunnels ,5 ft dia Storage Tunnels
Figure 4-6: Basalt Rock Removed
60
Chapter 4:
Chapter 4: Tunnel Design Considerations
Current Emplacment
Operations
Future
Construction
Figure 4-7: Modular Tunnel Layout
61
Chapter 4: Tunnel Design Considerations
maximum temperature of 200'C and may not have to be ventilated. Proper ventilation
may require additional boring of tunnels and drilling of air shafts. An alternative may
be to install an attic in the main tunnel to act like a high flow air duct.
4.6 Tunnel Liners
It may be advantageous to line the tunnels for the following reasons:
1. A liner's smooth surface would simplify vehicle design and increase vehicle
reliability.
2. The liner would provide additional stability and prevent debris from falling
onto the vehicle paths.
3. The liner adds an additional barrier for containment of radionuclides and adds
additional isolation and protection against ground water contamination.
4. The presence of a stable liner would allow the design of the underground
mechanical systems to be virtually site independent.
5. Removal of a backfill material, such as bentonite, would be much easier from
the inside of a smooth tunnel liner than from the inside of a course cavity in
the host rock.
Choice of tunnel liner material should be based on the severity of the expected
environment. The main tunnel will not be hot, and thus a concrete lining could be
used. The storage tunnels will be very hot, and thus a metallic liner may be more
desireable from a structural standpoint
Table 4-2 gives cost estimates for installing tunnel liners for over 200,000 feet of
storage tunnels required for a 10,000 container repository. The estimates are based on
the use of commercially available 60 inch OD, one inch thick 304 stainless steel pipe,
rolled in 10 foot sections. The cost estimates given include labor cost for manual
welding of pipe sections but they do not include hazard pay or the cost of ventilating
the storage tunnels [17].
Some cost savings may be realized in the use of steel liners with epoxy coatings.
These epoxy and resin coatings can protect less expensive steel liners from corrosive
agents in the host rock. Cross-linked high temperature epoxies have been developed
to withstand radiation exposure [18]. A 50 - 60 mil thick coating may be applied
both before and after installation underground. Spraying machines and other non-man-
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Table 4-2: Tunnel Liner Cost Estimates [16]
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OPERATION COST
Pipe fabrication $1,200/foot
in 10 ft sections
Pipe fabrication in 10 ft sections plus
delivery to site and installation, which $2,200/foot
includes emplacement and welding
Pipe fabrication in 10 ft sections, $2,400/foot
cut into 120 degree segments,
delivered to site, installed including
emplacement and welding.
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entry techniques have been developed for similar applications, such as sealing sewer
lines [19].
Two methods for emplacing the steel liner in the storage tunnels exists:
1. All sections are whole, jacked into their final positions, and welded together
[20, 21]. Because of the long lengths of the storage tunnels, the jacking
forces required may be unachievably high.
2. The sections can be cut into three 1200 segments and welded together inside
the tunnel. This operation increases the cost because the pipe has to be
precut and then rewelded. This process will also be more difficult to
automate.
The installation requires the design of a vehicle which will emplace the pipe
section, align it, and weld the joint from the interior. Technology used in pipeline
welding can easily be adapted. A filler (e.g. grout) is then placed between the lining
and the host rock for added support. During repository operations, the structural
integrity of the tunnel liners may be monitored using impressed current.
4.7 Packing materials
Possible repository seal materials were investigated by Roy and Burns [22].
Cementitious materials, such as grouts, mortars and concrete, clays, crushed rock,
earth fill, and zeolitic materials, were found to be likely components of borehole
plugs, shaft and tunnel bulkheads, and storage room backfill. Cementitious materials
have the advantageous properties of high strength and relative rigidity. Clays and
zeolites are not good candidates for structural seals because of their low strength and
integrity in structural roles. They are, however, good materials for use as packing
(backfill) materials.
The use of a packing material in the nuclear waste repository is part of a
proposed multi-barrier isolation system for containment and isolation of radionuclides
from the biosphere for long periods of time, for protection against ground water
contamination, and for providing a medium for heat transfer between the container and
the host rock. The choice of packing materials for the repository should be made on
the basis of certain desirable material properties. Candidate materials should, at least,
exhibit sufficiently high swelling potential and plasticity, low hydraulic conductivity,
adequate thermal conductivity, high sorption capability, adequate shear strength, and
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chemical and thermal stability over a wide range of temperatures and pressures. In
addition, the packing material should be emplaceable by feasible techniques.
A high swelling potential and plasticity of a packing material is desirable to
provide a self-sealing ability for material cracks within the packing and localized
cracks and flaws in the surrounding host rock. This will help minimize the potential
corrosion of the container and delay the leakage of radionuclides to the ground water
[23].
Adequate thermal conductivity of a packing is needed because the packing provides
a medium of heat transfer from the container to the host rock. Without a packing
material, the container is completely surrounded by air, heat transfer is significantly
reduced, and the waste package and tunnel atmosphere experience higher temperatures.
Hence, the thermal conductivity of the packing material should be as high as possible.
High sorption capability is desired if any fluid enters the filled storage tunnels.
Adequate shear strength is needed in order to maintain the integrity of the packing
material after it has been placed around the waste containers. The packing must also
be stable, chemically durable, and compatible with the surrounding rock and
groundwater environment in the long term.
Bentonite is considered the best choice as a packing material for nuclear waste
[23, 24, 25]. Bentonite has the unique property of having a greater specific volume
when wet. If the tunnel liner should crack or water somehow leaks into the storage
tunnels, bentonite would absorb the water and increase the pressure at the point of
failure. The leak would no longer allow water to enter the tunnel liner, and the
possibility of ground water contamination is significantly reduced.
Bentonite is an extremely fine-grained clay composed primarily of nontronite or
montmorillonite. The composition of bentonite can have varying amounts of clay
(from 10 to 100 percent), sodium, and calcium. The variations in composition result
in density variations from 1.1 to 2.2 g/cm3 [23]. Bentonite is formed from the
weathering of porous volcanic ash in contact with sea water. It exhibits thixotropy,
which means when bentonite is at rest, it is a solid; when it is stirred, it becomes a
fluid. Bentonite will also swell up to thirty times its initial volume when it comes in
contact with water. The thermal conductivity of bentonite varies with the water
composition. The thermal conductivity will be at a minimum when the packing is in
it's driest state. Laser thermal pulse tests have shown that the thermal conductivities
of compacted bentonite (2.1 g/cm 3) will be in the range of 0.6 to 0.9 W/m*C, which
is only slightly lower to the range of values reported for the host rocks [25].
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Emplacement of bentonite is accomplished by spraying or dumping the material
into the tunnels around the waste containers, which will require development of
special machines for repository operations. Retrieval of the waste containers would
necessitate removal of the packing material. Bentonite can be removed with a vacuum
system after the large solidified portions have been cut into smaller pieces with an air
knife [26].
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VEHICLE DESIGN CONSIDERATIONS
Most complex tasks can be decomposed into a series of simpler tasks. Design of
several dedicated machines to perform these simpler tasks results in higher system
reliability and may be more cost effective than the design of a single, multi-functional
machine. In the nuclear waste repository environment where the necessary equipment
operations are repetitious, it can be shown that two automated machines (or vehicles)
can be easily designed and operated in order to minimize handling of the nuclear
waste package in an inherently fail-safe manner.
The proposed automated system requires two vehicles, each dedicated to one
degree-of-freedom linear motion. The first vehicle, called ERV for
Emplacement/Retrieval Vehicle, travels only in the storage tunnels and actually carries
the waste package. The second vehicle, called the Transporter, travels only in the
main tunnel and carries ERV to the desired storage tunnel. Although the design of
each vehicle is similar, different factors must be taken into account. The following
discussion attempts to identify these major factors and provide a methodology for the
design of each vehicle.
5.1 Geometric Considerations
Geometric constraints on the design of the vehicles is strongly dependent on the
tunnel design. The minimum tail length (MTL) of ERV is important in the
determination of the wheel placement and the area of support for ERV on the
embankment during transporter failure. Referring to Figure 5-1, the minimum tail
length is:
LERv WERV WeMTL = --- (13)2 2tan$ 2sin$
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Figure 5-1: Minimum Tail Length
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where 0 = angle between main and storage tunnels.
LERV = length of ERV
WERV = width of ERV
We = width of embankment
Equation (13) assumes all components are geometrically centered. After determining
the width of the embankment, a transporter width can be selected.
The maximum height of ERV in the main tunnel is important in the determination
of the height of the storage tunnels relative to the main tunnel. A cross-sectional
view of the main tunnel (Figure 5-2) shows ERV in the raised position on the
transporter. In order for ERV to fit:
hERv - hc < sin (14)
where y= 2 arcco dR cos$+ d, sin
hERV = height of ERV 
hc = distance from center of main tunnel to bottom of ERV
The maximum height of ERV is also dependent on the trough depth on the
transporter, the trough depth of the storage tunnel entrances in the embankment, and
the length of motion of the transporter's hydraulic cylinders. The cylinders are used
to raise and lower ERV when the transporter is travelling in the main tunnel. Two
or three positions of the cylinders are needed. As mentioned in Chapter 3, Figure 3-
8 shows ERV being carried. ERV sits in the trough of the transporter and is raised
above the embankment. When the transporter reaches the desired storage tunnel, ERV
is lowered, as was shown in Figure 3-9. In this position, the trough of the
transporter is at the same level as the trough of the storage tunnel, and the rear
wheels of ERV travel smoothly. This position can also be the failure-mode position
if the embankment supports ERV high enough to allow the transporter to be towed to
a safer repair location. Otherwise, a third lower position can be the failure mode
position, which would allow the transporter to pass underneath (Figure 3-12).
It is desirable for ERV to have a low center of gravity located around the
geometric center of its length. The low center of gravity allows for greater stability
during travel in the storage tunnel, especially during path deviation. The location of
the center of gravity around the center of its length provides stability when being
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carried by the transporter in the main tunnel. In addition, moments on the hydraulic
pistons of the transporter can be minimized to prevent excessive wear and jamming of
the cylinders.
Minimizing moments and excessive forces is important during the selection of
equipment. Smaller forces may allow for smaller motors, pumps, power sources, and
cylinders which translates to a smaller vehicle. Smaller vehicle dimensions may allow
for smaller diameter tunnel which would result in less rock removal and less tunnel
liner material and therefore, less cost.
5.2 Emplacement/Retrieval Subsystems
Although the hazardous repository environment is not advantageous for hydraulic
fluids, hydraulic actuators are recommended to lift ERV and the containers.
Hydraulics have the highest force-to-weight ratios, and proper shielding and insulation
of the fluid lines should allow proper performance. Assuming a hydraulic fluid
pressure of 3000 psi and the use of two cylinders to raise a 25 ton waste package,
the required bore size for ERV is .4.6 inches. If the total ERV weight is 10 tons
and the transporter has two hydraulic cylinders, the transporter's minimum bore size is
5.5 inches.
An alternative concept may be the use of electric motors to operate ball-screws.
However, the machine failure response would not be as favorable as that of hydraulic
systems. Decoupling of components during off-normal events may not occur will
ball-screws and fail-safe operation could not be guaranteed.
5.3 Suspension and Steering
Because the cross-section of the storage tunnels is circular and ERV must travel in
the trough, the suspension of ERV cannot be similar to automobiles. Horizontal axles
and vertical aligned wheels will cause excessive tire friction because one wheel
rotation will result in different linear lengths of travel along the tire profile. In
addition, such a configuration would be unstable. Any wheel misalignment would
generate unbalanced forces from the sides of the storage tunnel and create a moment
about the center of the axle. Unnecessary stress in the vehicle suspension would
result, frequent maintenance would be required and vehicle reliability would decrease.
The chosen wheel configuration for ERV is shown in Figure 5-3. The normal
forces from the sides of the tunnel should pass through the geometric center of the
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tunnel. Because tire friction and axle stresses are minimized, smaller power sources
are required. Smaller associated components can be used, which may decrease the
size of ERV and lead to smaller tunnel diameter requirements.
Axle design must take into account the shift from an equal distribution of the axle
loads to a concentrated load on one axle generated by vehicle deviation from the
bottom of the trough. A first-order comparison of the shear force variation in the
axle is shown in Figure 5-4. F1 and F2 represent normal forces when the vehicle is
travelling at the bottom of the trough. F'1 and F'2 represent the new axle loads
resulting from a vehicle deviation of angle [. Equating vertical forces shows:
(F 1 + F2 ) cos a = F'i cos (a + $) + F'2 cos (a +) (15)
Equating horizontal forces and substituting into Equation (15) gives an expression for
the maximum axle load:
F (F 1 + F2) cos a sin (a +[) (16)2 - sin 2a
Dynamic forces are assumed to be negligible because ERV velocity is very slow.
Therefore, a wheel angle a of 400 and a deviation [ of 200 results in a 35%
increase in the axle shear force. Axle loads can obviously be decreased by adding
more wheels to distribute the weight
As a result, a passive steering device may be needed to compensate for any
deviation from the bottom of the storage tunnel. The need for a steering system in
ERV is dependent on its length, the number of wheels, the placement of the drive
wheels, the sensitivity of motion to wheel misalignment, the coefficient of friction
between the tires and the storage tunnel liner, and the center of gravity of ERV with
and without the waste package.
Conventional suspensions for the transporter vehicle can be designed because the
main tunnel floor will be flat. The gap between the storage tunnel entrance and the
transporter trough must be small enough to prevent any wedging of the ERV wheels
during its transition. Therefore, undesired lateral motion must be minimized or
controlled. Rail technology is recommended because precise positioning can be easily
obtained. To minimize the possibility of derailment, the width of the rails will be
much wider than conventional railroads today.
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5.4 Power Plant Requirements
For maximum safety and cleanliness, electric power might be chosen to power the
vehicles. To supply electric power, batteries or live rail contact systems must be
used. The transporter would probably use a live rail power source, while ERV
would probably be battery powered.
An overhead system is generally used to supply electricity when voltages are
greater than 750 volts (AC or DC) and when safety is a major concern. An
overhead contact system consists of a "contact wire" placed substantially above the
track and suspended from catenary cable structures. In the repository design, the
contact wire could be attached to the ceiling of the tunnel liner. Current is collected
from the overhead system by means of a pantograph or extendable arms carrying a
parallel strip of conducting material which is pressed against the contact wire by a
spring (pantograph) mechanism. Figure 5-5 shows several forms of pantographs.
A third rail contact system may be used if the vehicle were to travel on rails.
Contact is made with a conductor rail carried on insulated supports and positioned
parallel to the track rail. Three. major forms of conductor rail are being used today:
the over running system, the under running system, and the side running rail. In the
over running system, a collector strip rides on the top of the conducting rail. The
collection of current is done by a cast iron shoe. The shoe is attached to a beam
that is carried between the two axle boxes. Contact pressure is maintained by the
weight of the shoe. In the under running system, a contact is made on the
underside of the power rail. Several contact shoes are pressed against the rail by
spring mechanisms. In the side running system the rail uses insulated boxes which
contain the power rail and other isolated communication and ground connections.
The third rail itself is usually made of low-carbon, low-manganese steel which has
high conductivity but low tensile strength. Composite third rails made of aluminum,
steel, and other alloys have also been extensively investigated and used. Maintanence
of power supply rails may be required after a 50 year period of non-use. After this
length of time if retrieval is required, an alternate power source (e.g. gas or hydraulic
engine) may be considered.
Because ERV operates for short periods of time, a rechargeable battery source may
provide almost all the advantages of electrification without the use of a contact and
supply system. Recharging of the batteries may be done when ERV is idle and in
its "home." In Germany and England, successful use of battery powered systems
have been achieved (e.g., in the double-unit motor-coach set built by British
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Figure 5-5: Pantographs
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Railways in 1958, the battery had 300 kWh capacity and a weight of 16.26 tons,
resulting in a specific energy capacity of 18.5 kWh/ton).
A combination of lead acid batteries and alkaline batteries are commonly used
today as power sources for AGVs and electric vehicles. The life of acid batteries is
about 4-6 years or about 1400 discharge periods and have specific capacities up to 25
kwh/ton. Although the initial investment of alkaline batteries is much higher than
with the lead acid batteries, alkaline batteries have longer service lives of 10-13 years
and are better able to withstand hostile environment.
5.5 Heat and Radiation Shielding of Onboard Electronics
The automated vehicles must function in a severe thermal and radioactive
environment. Temperature and radiation levels are low enough that most mechanical
components will not be harmed, but onboard electronic systems will require lead
shielding and a cooling system.
The storage tunnels have the highest expected temperatures of 200'C (393*F) in
the repository. However, this temperature is reached only when the storage tunnel is
filled to at least 90% of capacity. Corresponding radiation levels are expected to be
less than 106 mrem/hr. [12]. Assuming the automated vehicles travel about three
miles per hour, less than three minutes is needed to travel the entire length of a 600
foot storage tunnel. Therefore, it seems reasonable to assume that heat and radiation
shielding can be designed to prevent damage to electronic systems.
A repository ventilation system should keep the temperature below 30 0 C (86 0 F) in
the main tunnel. As long as the exterior temperature of each automated vehicle is
low enough to effectively cool the electronics, a blower fan could be used. When
the temperature gets too high, compressed air from a bottle could be released. In
extreme cases, liquid nitrogen may be used. The tank could be automatically refilled
from a compressor in the main tunnel.
5.6 Sensor and Communication Systems
Sensor systems are some of the most significant support equipment on the
vehicles. Combinations of photoelectric limit switches, electronic distance measuring
devices (EDMs), and encoders on the drive wheels could be used in a control system
to ensure that the vehicles are in their correct positions within the tunnels. Closed
circuit television should also be provided for supplementary monitoring and control.
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Relaying communication between the surface facility and the subsurface vehicles
may be done using: third rail technology, radio frequency communication, blinking LED
or laser communication, or direct connections with an umbilical cord.
Third rail technology allows communication signals to be transmitted over the same
power lines. A low frequency component provides the power for the electric motors
and a high frequency component contains the control and communication signals. The
two frequency components are superimposed over each other during transmission.
Radio frequency communication is another option, but the underground environment
may limit the range of the radio signals. Therefore, relay stations will be needed to
transmit information around corners. A microwave-based signalling system (MBSS) is
a common form of radio communication and uses fixed microwave technology for
non-contact transmission of data between relay stations and moving vehicles. Figure
5-6 shows a block diagram of a MBSS. The relay station consists of a radio
frequency (RF) transmitter, RF receiver, data extractor, and microprocessor controller.
A command originates from the central control system computer and is sent to the
relay station via modem or cables. The microprocessor controlled transmitter generates
and sends 900 MHz signals containing the command to the vehicle. The vehicle's
RF receiver detects the modulated command signal, and the data extractor demodulates
the signal for use in the vehicle's on-board computer. The vehicle's RF transmitter
then generates and sends 1800 MHz signals containing an acknowledgement and other
vital vehicle information such as speed, temperature, and subsystem status back to the
repository central control computer.
Blinking LEDs or lasers have been used to determine position and direction of
mining equipment [16]. The optical-electronic laser system by ZED Instruments
transforms measurements of an optical laser receiver and two electrical inclinometers.
If the transporter carried the laser source, binary information could be transmitted to
ERV in the storage tunnel. Communication from the surface would be first directed
to the transporter and then relayed to ERV.
An umbilical cord can be attached to ERV from the transporter to provide
communication. Standard shielded electrical wire or fiber optics can be used, but
reliability of the connection in the hazardous environment may be a problem. Radio
or umbilical connections would provide the easiest transmission of video signals.
Combinations of sensor and communication systems should be implemented.
Redundancy will greatly increase system reliability during handling of the dangerous
payload.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
A conceptual design of an automated system for the nuclear waste repository has
been presented. A first order analysis has shown many advantages of a two vehicle
emplacement/retrieval system. A summary of these major advantages is listed below:
Current mining techniques cannot bore a three foot diameter tunnel as long as a
five foot diamter tunnel. By incorporating this constraint into the design of the
tunnel layout, one can realize that a system with five foot diameter storage tunnels
actually removes, on average, 30% less total amount of rock, and is therefore
more cost effective, than one with three foot diameter tunnels. By intersecting the
storage tunnels at an angle $ of about 450 with the main tunnel, one also realizes
an additional 15% less total amount of rock removed.
The proposed automated system is "simple" from both a control and a machine
design point of view. Operational control involves one degree of freedom linear
positioning and no steering is required. Individual vehicle motions have been
thoroughly decoupled and the operation of one vehicle is not dependent on the
operation of the other vehicle. The use of larger diamter storage tunnels also
allows ample space for vehicle design. Existing mechanical and electrical
components can be fit into the housings of both vehicles for appropriate shielding.
No new technology is required, proven technology can be used, and therefore,
system reliability increases.
The automated system is inherently fail-safe. Off-normal events could imply
automatic shutdown of all vehicle subsystems and each component (i.e.- waste
package, ERV, and the transporter) could be free of contact from each other. In
80
Chapter 6: Conclusions and Recommendations
addition, the removal of human operators in the underground facility decreases the
costs of an accident.
Retrievability is guaranteed for the 50 year period because of the use of passive
mechanical storage components. Since the waste containers are placed on cradles,
any new vehicle may handle the waste package in the future. Earthquakes and
subsequent ground shifting is the only worry.
The emplacement operations minimize handling of the waste package. A single
container transfer for loading onto ERV is needed at the bottom of the waste
shaft. Fewer transfers reduce the possibility of accidents.
A modular tunnel construction schedule can be planned. Since mining and
emplacement will probably ocurr simultaneously, accidental exposure of mining
personnel to radiation can eliminated.
The development of the proposed system has shown the importance of integrating
both the tunnel design and the emplacement/retrieval system. Design of ERV, the
transporter, and the tunnel layout must be done concurrently in order to achieve more
desirable, cost effective results. The next step is to answer some of the questions
posed in this report, namely:
1. What is the relation between the diameter of a hole and the length of a hole
that can be bored?
2. What is the relation between the size of tunneling machines and the size of
the tunnels?
3. What are the costs involved with issues 1 and 2?
4. What would be the size, weight, radiation level, and heat output of a generic
canister that could be used for all repositories and forms of waste?
5. Is it safe to assume that all sites could use the same tunnel layout and liner
systems?
6. What type of backfill material would be used inside of a lined storage tunnel
system?
7. How much redundancy of subsystems is needed?
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Answers to these questions would allow for the design of a minimum cost,
maximum effectiveness system. If the repository is to go on-line in 1998, the
Department of Energy should make some conservative decisions regarding the choice
of a generic emplacement system. This will allow prototype support equipment to be
developed concurrent with site evaluation.
An IBM PC-controlled model of the proposed system was constructed to
demonstrate the principles outlined in this thesis. An interface controller card was
designed and built. Motion was provided by stepper motors, and power and
communication was done through umbilical cords. The hydraulic cylinders of the
proposed design were represented by pneumatic cylinders on the model. Compressed
air was supplied by an external compressor located away from the model vehicles.
Position was determined with the use of infrared emitting sensors located on the
bottoms of the vehicles. The sensors read black and white transitions on the floor of
the tunnels. Further details can be found in the Appendix.
The model clearly demonstrated the principles outlined in this thesis. First, the
model is simple to design, construct, and control. Second, the repetitious tasks
required for emplacement and retrieval of the dangerous payloads is an ideal
application for automation technology. Third, failure-mode operations can be easily
demonstrated. The model, thus, reinforces the advantages of the proposed automated
system for use in the nuclear waste repository.
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APPENDIX
IBM PC-CONTROLLED MODEL OF THE AUTOMATED SYSTEM
An IBM PC-controlled model of the proposed system was constructed to
demonstrate the principles outlined in this thesis. The model represents a small section
of the proposed repository. A simple schematic of the model layout is shown in
Figure A-1. The system uses an IBM PC with a Scientific Solutions Base Board
card. The Base Board is a parallel 1/0 card with 96 Digital-In and Digital-Out lines
that are organized into four modules. Each module can further be divided into three
ports of eight lines each. Communication between the model and the computer is done
through the Base Board card and the Interface and Controller card. Table A-1 lists
the computer lines used between the two cards. The interface and controller card
(Figure A-2) contains the electrical hardvware to read three optical sensors and to
control four stepper motors and four pneumatic valves. The circuitry for the stepper
motor controller, the optical sensor, and the valves are shown in Figures A-3, A-4,
and A-5. All are basic transistor-transistor logic (TTL) circuits that were developed
by the author.
An external power supply is used to provide electricity for the motors, valves, and
the interface and controller card. Because of the space limitations and the lack of
perfect scaling factors, the air valves are located externally from the automated
vehicles. The model is roughly one-twelveth scale. An external air compressor
supplies pressurized air at about 30 psi for the pneumatic cylinders. The air cylinders
are used to represent the hydraulic components of the proposed system.
Umbilical cords connect the interface and controller card to the automated vehicles
and the air valves. The Tables A-2 and A-3 identify the pin functions. The vehicles
themselves are constructed primarily of aluminum. The storage tunnels are made of
PVC pipe. The entire system is mounted on a six foot by seven foot, framed
plywood base. Programming of the model was done with Turbo Pascal.
Position is determined by through the use of infrared-emitting optical sensors.
Black and white transitions on the floor of the main and storage tunnel are sensed
and the appropriate signal is sent back to the computer.
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The model clearly demonstrated the principles outlined in this thesis.
First, the model is simple to design, construct, and control. Second,
the repetitious tasks required for emplacement and retrieval of the
dangerous payloads is an ideal application for automation technology.
Third, failure-mode operations can be easily demonstrated. The model,
thus, reinforces the advantages of the proposed automated system for use
in the nuclear waste repository.
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Figure A-1: IBM PC-Controlled Model Layout
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Table A-1: Computer Lines
OUTPUT SIGNALS:
NUMBER SIGNAL FUNCTION PIN NUMBER
ON 40 - PIN
1 Motor #1 PULSE AO (LSB) 21
2 Motor #1 DIR Al 22
3 Motor #2 PULSE A2 23
4 Motor #2 DIR A3 24
5 Motor #3 PULSE A4 25
6 Motor #3 DIR A5 26
7 Motor #4 PULSE A6 27
8 Motor #4 DIR A7 28
9 Motor #4 ENABLE (ERV Failure) B3 16
10 ERV #1 VALVE BO 13
11 ERV #2 VALVE B1 14
12 TRANSPORTER VALVE - UP B2 15
13 TRANSPORTER VALVE - DOWN B4 17
Port A and Port B are configured for OUTPUT.
INPUT SIGNALS:
NUMBER SIGNAL FUNCTION PIN NUMBER
ON 40 - PIN
1 ERV #1 SENSOR (#1) CO 11
2 ERV #2 SENSOR (#2) Cl 31
3 TRANSPORTER SENSOR (#3) C2 12
Port C is configured for INPUT.
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Figure A-2: Interface and Controller Board
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Table A-2: 15 - Pin Connectors
TRANSPORTER:
PIN NUMBER FUNCTION
1 #1 Black (+Voper)
2 #1 White (+Voper)
3 #1 Red
4 #1 Red - White
5 #1 Green
6 #1 Green - White
7 +5 Volts (after resistor)
8 Sensor Signal - Collector to LM339
9 Ground
10 #2 Black (+Voper)
11 #2 White (+Voper)
12 #2 Red
13 #2 Red - White
14 #2 Green
15 #2 Green - White
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Table A-3: Nine Pin Connectors
EMPLACEMENT/RETRIEVAL VEHICLES:
PIN NUMBER FUNCTION
1 Black (+Vope)
2 White (+Voper)
3 Red
4 Red - White
5 Green
6 Green - White
7 +5 Volts (after resistor)
8 Sensor Signal - Collector to LM339
9 Ground
VALVES:
PIN NUMBER FUNCTION
1 ERV #1 +Voper
2 ERV #1 Ground
3 ERV #2 +Voper
4 ERV #2 Ground
5 Transporter UP (#3) +Voper
6 #3 Ground
7 Transporter DOWN (#4) +Voper
8 #4 Ground
9 Not Used
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